ABSTRACT: Empty body and carcass chemical compositions, expressed as content of water, ether extract, protein, minerals, and energy, were evaluated in Nellore bulls with different residual feed intakes (RFI). Forty-nine not castrated males, with 343 kg of average initial BW and 398 kg of average slaughter BW, were studied. Animals were divided in two subgroups: reference group (RG) and ad libitum feeding group. At the end of the adaptation period, animals of subgroup RG were slaughtered and the other animals were finished in individual pens for approximately 100 d, until they reached a subcutaneous fat thickness over the LM of 4 mm, and were slaughtered at an average age of 540 d. Body composition was obtained after grinding, homogenizing, sampling, analyzing, and combining blood, hide, head + feet, viscera, and carcass. Tissue deposition rates and chemical composition of gain were also measured based on gains estimated by comparative slaughter technique. No significant differences in slaughter BW (P = 0.8639), empty BW (P = 0.7288), HCW (P = 0.6563), or empty body and carcass rates of gain were observed between RFI groups, demonstrating that the low (-0.331 kg DM/d) and high (+0.325 kg DM/d) RFI animals presented similar body sizes and growth rates. No significant differences in empty body or carcass content of water, ether extract, protein, minerals, and energy were observed between the low and high RFI animals. And also there were no significant differences in empty BW or carcass gain, demonstrating that low and high RFI animals had a similar growth potential. More efficient animals (low RFI) consumed less feed than less efficient animals (high RFI) but presented similar body sizes, growth rates, and empty body and carcass chemical composition.
INTRODUCTION
Feed costs account for a major part of operating costs in livestock production (Archer et al., 1999) and improvement in efficiency of feed use can increase productivity and lower costs. Significant advances in feed efficiency have been made over recent decades (Herd et al., 2003) , but selection for efficiency traits is complex, mainly because of the difficulty in measuring animals feed intake.
Cattle performance during the finishing phase, carcass yield, and meat quality depend on a combination of genetic and environmental factors. These factors will affect whether the animal is finished early, which is determinant for carcass and meat yield and quality. Differences in body composition across animals are related to the efficiency of feed use and may reflect differences in requirements for maintenance and gain (NRC, 2000) .
Residual feed intake (RFI), proposed by Koch et al. (1963) , is a measure of feed efficiency that does not depend on growth rate or maturity. It is defined as the difference between observed feed intake and feed intake predicted by regression equations as a function of mean metabolic BW and ADG. In addition, RFI is a moderately heritable trait characterized by marked genetic variability (Herd et al., 2003) , a fact permitting its use for the selection of animals that are more efficient in converting feed into animal products.
Before adopting RFI as selection criterion in genetic breeding programs, it is necessary to understand the genetic and phenotypic correlations between the traits to guarantee gains in efficiency without causing alterations in production parameters. Therefore, the objective of this study was to compare empty body and carcass chemical composition of Nellore bulls with different RFI groups and to determine the composition of empty body and carcass gain and deposition rates of body chemical components.
MATERIAL AND METHODS
Two experiments were conducted at Centro Avançado de Pesquisas em (APTA) Bovinos de Corte, Instituto de Zootecnia, city of Sertãozinho, State of São Paulo, Brazil. The experiments were performed in accordance with guidelines of animal welfare and humane slaughter (state law number 11.977).
Forty-nine Nellore bulls from selected and control herds of Nellore were used. Twenty-four animals were born in 2006 and slaughtered in 2008 (Exp. 1), and 25 were born in 2007 and slaughtered in 2009 (Exp. 2).
Herd Description
A genetic selection program of the Nellore breed began in 1976 in the Instituto de Zootecnia research unit at the Centro APTA Bovinos de Corte. Control and selected lines were established using bulls with a high selection differential for yearling weight for selected Nellore group and bulls with a selection differential for yearling weight around zero for control Nellore group. Cows and heifers available for breeding in the beginning of the program were randomly assigned to either the selected or the control groups. The program is in progress, and the animals evaluated in this study were from the 26th and 27th calf crops of the program. After calculation of RFI, the animals were classified into low (<0.5 SD below the mean; more efficient), medium (±0.5 SD from the mean), and high (>0.5 SD above the mean; less efficient) RFI groups. The animals were kept on pasture during the rainy season (November to January) until the beginning of the feedlot period.
Evaluation of Residual Feed Intake

Finishing Period
Animals of the high and low RFI groups were randomly selected for finishing in the two consecutive yr (2008 and 2009) , for a total of 49 animals. Among the 24 animals of Exp. 1, 11 belonged to the low RFI group and 13 to the high RFI group. In Exp. 2, 15 of the 25 animals belonged to the low RFI group and 10 to the high RFI group.
The duration of the finishing period was based on the time the animals required to reach the slaughter endpoint (minimum 4 mm of subcutaneous fat thickness). The finishing period started with an adaptation period of 42 d for the animals to adapt to the facilities and high-energy diet. The animals were randomly divided into two subgroups: initial slaughter or reference group (RG) and ad libitum feeding (AL) group. In Exp. 1 (slaughter in 2008), 8 animals were assigned to subgroup RG and 16 to subgroup AL. In Exp, 2 (slaughter in 2009), 8 animals were assigned to subgroup RG and 17 to subgroup AL.
A balanced diet consisting of Brachiaria (Syn. Urochloa) hay, ground corn, cottonseed, cottonseed meal, citrus pulp, and mineral mixture that contained 85% DM was offered. The diet composition is shown in Table 1 .
Animals were fed food twice a day and had water available all the time. Voluntary food intake was calculated as the difference between supplied and refused food. Refuses were collected daily, weighed, and then adjusted to correspond to 5% of the total food supplied. Weight recordings of the animals were obtained at interval of 28 d. Recordings performed at the beginning and at the end of the experimental period were performed after a 16-h fast from food. Animals were not fasting for the intermediate recordings.
At the end of the adaptation period, animals of subgroup RG were slaughtered and the other animals remained in the feedlot until reaching the slaughter endpoint (i.e., 4 mm of subcutaneous fat thickness over the LM measured by ultrasound).
The ultrasound measurements were performed at intervals of 28 d. After the animals were restrained and their hide was cleaned, images were acquired for the measurement of subcutaneous fat thickness over the LM between the 12th and 13th ribs. The images were acquired with a veterinary Pie Medical Aquila (Esaote Europe B. V., Maastricht, Netherlands) ultrasound apparatus equipped with a 17-cm probe using vegetable oil as standoff pad. The images were saved and the measurements were made using the Echo Image Viewer 1.0 program (Pie Medical Equipment, Esaote Europe B. V., Maastricht, Netherlands).
Slaughter
The animals were slaughtered in an experimental slaughter house in accordance with current guidelines after a 16-h fast from solids and fluids. The animals were stunned by cerebral concussion, suspended, and exsanguinated through the jugular vein. Blood samples of 200 mL were collected immediately after slaughter,, stored in glass containers, and frozen for subsequent analysis of chemical composition.
After skinning and evisceration, the carcasses were cut into two equal halves. The hide was weighed and divided along the dorsal line. The right half was discarded and the left half was cut into squares of approximately 3 cm. The organs were weighed and stored in plastic bags for freezing. The digestive tract was also weighed, emptied, washed, and again weighed. The weights of the organs were added to that of the washed digestive tract and of the other body parts (carcass, head, hide, tail, feet, and blood) for the determination of empty BW. The ratio of empty BW to the BW of RG animals was used for the estimation of the initial empty BW of animals that continued in the experiment using their BW at the end of the adaptation period. The gain of AL and RF animals during the finishing period was calculated as the difference between initial empty BW and empty BW on the day of slaughter.
The half carcasses were stored in the cold room at 2°C for 24 h. After chilling, the carcasses were deboned and cut into commercial beef cuts to measure the hindquarter and forequarter proportions. These measures were used to determine the edible part of the carcass as the ratio between total meat cuts weight and total carcass weight.
Sample Preparation and Chemical Analysis
The tissues frozen after slaughter were processed for direct determination of empty body chemical composition after grinding, sampling, analyzing, and combining all tissues. The left hide half was ground several times and sampled. Blood was sampled, frozen, and freeze dried. The other frozen components (left half of the head + left feet, all viscera, and left half carcass) were cut into smaller pieces with a saw, avoiding any loss of tissue from the sample. The material was then ground several times until a pasty consistency was obtained and 4 samples of approximately 50 g each were removed. The samples were freeze dried for approximately 80 h, a time necessary to reach a constant weight. Next, the samples were cut into smaller pieces, ground in a blender on dry ice to form a powder, identified, and stored in a freezer until the time for chemical analysis.
The water content of the samples was determined by freeze drying of approximately 200 g of fresh sample (quadruplicate samples of 50 g each) until reaching a constant weight and correction by analysis of DM in oven at 105°C. For the determination of ether extract content, 2-g aliquots of the samples stored in cartridges consisting of qualitative filter paper were extracted for 3 h (rate of 5 to 6 drops/s) according to the method of the American Oil Chemists' Society (AOCS, 2009) in an Ankom XT15 extractor (AnKom Technology Corp., Fairport, NY) using petroleum ether. Mineral content was determined by burning approximately 2 g of the samples in a muffle furnace at 600°C for 4 h. Protein content was calculated by subtracting ether extract, water, and mineral content from 100%. The retained energy was estimated based on protein and fat content and their caloric equivalents using the following equation (ARC, 1980) : EC = 5.6405 BP + 9.3929 BF, in which EC = energy concentration (Mcal), BP = body protein (kg), and BF = body fat (kg).
Statistical Analysis
The results were analyzed in a completely randomized design. The PROC MIXED procedure (SAS Inst. Inc., Cary, NC) was used for statistical analysis. The data were analyzed using a mixed model that included RFI Total digestible nutrients 82 1 Composition of the mineral mixture (per kg product): 180 g calcium, 90 g phosphorus, 10 g magnesium, 13 g sulfur, 93 g sodium, 145 g chlorine, 17 mg selenium, 1,000 mg copper, 826 mg iron, 4,000 mg zinc, 1,500 mg manganese, 150 mg iodine, 80 mg cobalt, and 900 mg fluoride.
group as fixed effect and herd and feeding regimens as random effects. The effect of year and effect interactions were tested and were found to be nonsignificant (P > 0.05) and removed from the model. Means were fitted by the least square method and compared by the t test, adopting a level of significance of 5%.
RESULTS AND DISCUSSION
The means and respective SE of feedlot and carcass traits of the studied animals are shown in Table 2 . There was a difference in the efficiency of feed use, with low RFI animals consuming -0.331 kg DM/d whereas high RFI animals consumed 0.325 kg/d, corresponding to a difference of 0.656 kg/d between more and less efficient animals. Similar results have been reported by Sobrinho et al. (2011) , who studied Nellore males originating from the same herds of the Instituto de Zootecnia and observed a difference of 0.705 kg/d in DMI between low and high RFI groups. In contrast, Magnani (2011) reported a slightly greater difference (0.864 kg DM/d) between more and less efficient Nellore females from the same herd.
No significant differences in BW were observed at the beginning and at the end of the feedlot period, a finding confirming that RFI in cattle is phenotypically independent of body size.
High and low RFI bulls did not differ significantly in terms of the time necessary to reach the slaughter endpoint of 4 mm of subcutaneous fat over the LM. More efficient animals (low RFI) spent on average 98.2 d in the feedlot and were slaughtered at 537 d of age whereas less efficient animals (high RFI) spent on average 96.6 d in the feedlot and were slaughtered at 542 d of age. The mean feedlot time for the 2 RFI groups was 97.4 d. Studying the same animals, Zorzi (2011) observed a mean DMI of 6.81 kg/d. Zorzi (2011) reported that more efficient animals consumed on average 67.5 kg less DM during the finishing period than less efficient animals, corresponding to a 10.2% reduction in feed volume consumed by animals during the finishing period.
For most internal organs (liver, empty gastrointestinal tract, and other internal organs) and body tissues (hide, head, tail, feet, and KPH) no significant differences were observed between RFI groups. Low RFI animals presented kidneys 90 g lighter and 1.3 kg less blood in the body than the high RFI ones. Sainz et al. (2006) , studying Angus-Hereford heifers classified as high and low RFI, observed no difference in visceral organ mass and abdominal fat between RFI groups.
No significant differences between RFI groups were also observed in terms of rib eye area or fat thickness over the LM. Carstens et al. (2002) , studying crossbred animals (Angus, Simmental, Hereford, and Braunvieh), also found no significant differences in subcutaneous fat thickness between high and low RFI groups, which was about 4 mm in the 2 groups. However, the authors observed a difference in rump fat thickness, with low RFI animals presenting less fat over the biceps femoris muscle. In general, the correlations between RFI and fat thickness are low, ranging from 0.11 to 0.15 , values that agree with the present results. However, some studies suggest that selection for low RFI may result in less subcutaneous fat, with a reduction of about 13.2% . With respect to rib eye area, Baker et al. (2006) found no significant differences between high, medium, and low RFI groups of Angus heifers. Similar results have been reported in the study of Arthur and Herd (2008) , in which all 3 RFI groups presented rib eye area of about 74 cm 2 . The same authors also observed differences in subcutaneous fat thickness over the LM, with low RFI animals presenting less fat.
Some studies have compared carcass traits between Nellore animals with different RFI and found no significant differences in fat content, expressed as subcutaneous fat thickness and intramuscular fat, or muscle content in the carcass, expressed as rib eye area and edible part of the carcass, between low and high RFI animals (Bonilha et al., 2009; Gomes et al., 2009) , suggesting that RFI has little or no correlation with carcass traits. Sainz et al. (2006) also observed no difference in carcass weight, rib eye area, subcutaneous fat thickness, or marbling score between Angus-Hereford heifers classified as high and low RFI. Similar results have been reported by Gomes et al. (2009) for Nellore cattle, with no difference in subcutaneous fat thickness over the LM across RFI groups. This finding suggests that selection of Nellore animals that are more efficient in feed use based on RFI will not result in undesired responses in carcass or meat quality. However, the literature reports inconsistent results regarding the association between RFI and carcass and empty body composition.
In the present study, the edible part of the carcass (i.e., almost all striated muscle and a portion of the adipose tissue) accounted for approximately 80% of carcass weight, in agreement with Bonilha et al. (2007) , and no significant difference was observed between RFI groups.
The chemical composition of the empty body, expressed as the content and percentage of water, ether extract, protein, minerals, and retained energy, is shown in Table 3 . As observed for BW at the beginning of the feedlot period and at slaughter, there were no significant differences in empty BW, confirming that low and high RFI animals have a similar body size.
No significant differences in the quantity of empty body water, ether extract, protein, and minerals or in the percentage of water, ether extract, protein, and minerals were observed between the animals studied, demonstrating that low and high RFI animals presented a similar body composition. The slaughter endpoint adopted may have affected the ether extract content because the animals were slaughtered at a constant fat (4 mm of fat thickness over LM). However, if the reason of the similar body fat found between low and high RFI animals was only the experimental design, the time to reach the slaughter criteria should be different, and it was not, which suggests that other factors are involved in the relationship between body fat and RFI. It is possible that the similar body composition found between RFI groups had a breed effect, being Nellore animals known for low body fat content, which makes it difficult to detect differences in body composition. Richardson et al. (2001) obtained negative correlations between RFI and body protein percentage and between RFI and protein gain in Angus heifers undergoing divergent selection for RFI. Residual feed intake as the only selection criterion should be used with caution lest what has been observed in pigs, in which exclusive selection for RFI resulted in an effective increase in carcass muscling but also in reduction of body fat percentage in Large White animals (Lefaucheur et al., 2011) . These authors suggested that selection for RFI increased muscle glycogen concentration, with more efficient animals possessing greater instantaneous energy reserves instead of fat reserves.
The amount of energy retained in the empty body was also similar in high and low RFI animals. This result makes sense because the content and percentage in relation to empty BW of ether extract, the component showing the greatest energy density, did not differ significantly between RFI groups.
The chemical composition of empty BW gain and deposition rates of body chemical components and retained energy are shown in Table 4 . There were no significant differences in empty BW gain, demonstrating that low and high RFI animals had a similar growth potential. In addition, no significant differences in water content, ether extract content, protein content, or mineral content of empty BW gain were observed between RFI groups.
Comparison of the deposition rates of the different body chemical components and retained energy in the empty body showed no significant differences between low and high RFI animals. Low RFI bulls (more efficient) presented similar deposition rates of water (0.398 kg/d), protein (0.151 kg/d), and fat (0.198 kg/d) and significantly less DMI than high RFI bulls. Castro Bulle et al. (2007) , studying the deposition rates of body chemical components in Angus × Hereford crossbreds steers of 403 kg of BW, aged 14 to 18 mo, found decreased rates of protein deposition (94 g/d for low RFI animals and 82.9 g/d for high RFI animals) and greater rates of fat deposition (494 and 719 g/d, respectively) than those observed in the present study.
After ruling out possible effects of chemical component deposition rates and composition of BW gain, the variation in feed intake appears to be mainly explained by differences in maintenance requirements. According to Castro Bulle et al. (2007) , when two animals have similar BW and BW gain rates but differ in terms of feed intake, the more efficient animal has reduced maintenance requirements than the less efficient animal. The opposite is also true (i.e., animals presenting a greater feed intake but similar BW gain probably have greater energy requirements and are therefore less efficient).
Fat content of the gain was not high in the present study although the animals were fed a high concentrate diet (82% TDN). This fact might be attributed to the young age of the animals, which probably had not reached physiological maturity and were in a phase of accelerated muscle tissue deposition, thus explaining the high water and protein content of the empty body gain and consequently decreased deposition of adipose tissue. Berndt et al. (2002) , evaluating Santa Gertrudis bulls also fed 80% concentrate, observed a 42% fat content of empty body gain, a value substantially greater than that found in the present study.
Although the present study revealed no significant differences in the chemical composition of empty BW gain in young Nellore animals, literature data support the hypothesis that in beef cattle the rates of protein degradation and total protein gain are related to variations in RFI (Richardson and Herd, 2004) . Although not a result obtained by the measurement of protein turnover, there is evidence of greater protein deposition or decreased catabolism in more efficient animals. This fact indicates that feed efficiency is related to protein deposition, with low RFI animals presenting more efficient deposition or decreased protein degradation rates.
The mean chemical composition of the carcass, expressed as absolute quantity and percentage of water, ether extract, protein, minerals, and retained energy, is shown in Table 5 . As observed for BW at the beginning of the feedlot period, BW at slaughter, and empty BW, there were no significant differences in chilled carcass weight, confirming that low and high RFI animals have a similar body size and growth potential.
The content and percentage of water, ether extract, protein, and minerals were similar in the two RFI groups, demonstrating an adequate carcass size with satisfactory finished slaughter BW.
The quantity of retained energy in the carcass was also similar in high and low RFI animals. This finding can be explained by the high proportion of adipose tissue, which is an energy-dense tissue, because the quantity and percentage of ether extract in the carcass did not differ significantly between RFI groups.
The chemical composition of carcass weight gain and the deposition rates of carcass chemical components and retained energy are shown in Table 6 . As observed for empty BW gain, the carcass deposition rates (kg/d or %) of water, fat, protein, minerals, and retained energy were similar in the two RFI groups and showed the same trend as the empty body deposition rates. This result is coherent because the ratio between carcass and empty body was 66%; that is, the main component of the empty body was the carcass itself. Baker et al. (2006) , studying Angus heifers with low, medium, and high RFI, measured the chemical composition of a LM sample and found no significant differences in water, protein, fat, or mineral content between the low and high RFI groups.
Studies indicate that high RFI animals produce 10.3% more heat and consume 11.3% more energy than low RFI animals (Basarab et al., 2003) . Magnani (2011) reported differences in blood metabolites between Nellore females with different RFI, with blood urea concentrations being greater in low RFI animals than in high RFI animals. However, this difference was no longer observed when total blood serum proteins were compared, suggesting that the variations between RFI groups were related to protein metabolism.
Restricted feed intake is probably regulated by hundreds of genes (Herd and Arthur, 2009) and there are at least 5 physiological processes by which variation in the efficiency of feed use can arise. According to Richardson and Herd (2004) , differences in empty body and carcass composition explain only 5% of the variation in RFI. Other physiological processes that play an important role in feed efficiency are digestibility, feeding pattern, heat production from metabolic processes, physical activity, protein turnover, tissue metabolism, and stress. The results reported in the literature support different hypotheses regarding the variation in feed efficiency related to composition of gain, ruminal metabolism (greater or lesser methane production), protein metabolism, or overall metabolism (greater or lesser production of heat under the same environmental conditions). An interaction between all of these factors or other still unknown factors, such as respiratory rates, cardiac rhythm, or mitochondrial metabolism, cannot be ruled out. Studies are under way, but few results have been reported.
Residual feed intake can be included in Nellore breeding programs because more efficient animals consume less feed than less efficient animals without compromising body fat content. The dissemination of this tool to measure feed efficiency among beef cattle herds would reduce production costs and increase the competitiveness of the beef sector on the world market. 
